Abstract individual plant cells. Such a correlation between turgor and membrane potential appears likely since ions, for The effects of modification in sugar concentrations on example, potassium or chloride, contribute both to the turgor pressure and membrane potential in epidermal generation of membrane polarity via their Nernst potenleaf cells of transgenic potato (Solanum tuberosum cv.
Introduction caused a hyperpolarization of the membrane potential Several studies have focused on the relationship between ( Kinraide and Wyse, 1986; Li and Delrot, 1987) and an extrusion of protons in cells of higher plants (Curti et al., osmolality, turgor pressure and membrane potential of measurements were performed on the fifth leaf during the 1993; . Hypo-osmotic conditions second half of the light period.
resulted in a depolarization of the membrane potential (Lew, 1996) .
Extraction of sap from individual cells
In contrast to indirect turgor perturbation, a direct Cell sap from individual epidermal cells was extracted using oil strong modulation of turgor by injection of oil via the filled microcapillaries as described previously (Tomos et al., pressure probe into epidermal cells of Arabidopsis thaliana 1994) . This sampling technique used was shown previously to provide pure vacuolar samples from epidermal cells (Fricke root hairs caused no effect on the membrane potential. et al., 1994) . All samples were measured immediately after This result suggested the existence of a sensor that extraction or placed on a microscope slide inside a ring filled responds to changes in osmolality rather than to turgor with water saturated paraffin, covered with a cover slide and pressure (Lew, 1996) . stored frozen at −20°C.
Changes in sucrose concentration of cells will potenPicolitre osmometry tially affect their water relations ( Tomos et al., 1992) . Addition of 40 mM sucrose would increase the osmotic Osmolalities of single cell contents were determined by freezing point depression as described by Malone et al. (1989) and pressure by 0.1 MPa (Nobel, 1991) and could thus influ- Tomos et al. (1994) . Measured osmolalities were converted into ence turgor pressure. In exchange, elevation in sucrose values of osmotic pressure (p) assuming that 0.1 MPa correconcentrations could manipulate the ion distribution sponds to 40.75 mOsmol kg−1 at 22°C (Nobel, 1991) . A typical within a plant. An exchange of sucrose for potassium has determination of osmolality of a single cell sample at different times after extraction is shown in Fig. 1A . The constancy of been observed in guard cells and this was claimed to be osmolality suggests that there is no ongoing hydrolysis of essential for osmoregulation ( Talbott and Zeiger, 1996, sucrose or other compounds that could give rise to artificially 1998).
increased values (Fig. 1A) .
The objective of the present study was to analyse possible interactions between turgor pressure, osmolality, Single cell sugar analysis sucrose, potassium concentration, and membrane potConcentrations of hexose equivalents in single cell samples were ential in intact potato plants. Perturbation of these measured as described previously (Tomos et al., 1994) . In brief, an enzymatic microassay was performed on the stage of a parameters was induced endogenously by antisense inhiNikon Optiphot 2 microscope fitted with filter block V (Nikon, bition of the sucrose transporter (SUT ), active in phloem Tokyo, Japan). One reaction droplet 4-5 nl in volume contained: loading, and the plastidic fructose-1,6-bisphosphate 40 mM imidazole buffer (pH=6.9), 8 mM MgCl 2 , 1.8 U ml−1 phosphatase ( FBPase), a key enzyme in the reductive glucose-6-phosphate dehydrogenase, 3.8 U ml−1 hexokinase, pentosephosphate cycle. These transgenic lines were 1.8 U ml−1 phosphoglucose isomerase, 39 U ml−1 invertase, and 0.1% (w/v) bovine serum albumin.
selected because of their opposite effect on leaf carbohydrate content: SUT antisense plants accumulate high amounts of soluble sugars in source leaves (up to 10-fold higher in sucrose and starch and up to 100-fold increase in hexoses), which develop a wrinkled phenotype ( Kü hn et al., 1996; Riesmeier et al., 1994) . FBPase antisense plants were chosen because they contain a reduced amount of soluble carbohydrates and starch in source leaves (only 20% of the wild-type), which led to a retardation in growth ( Koßmann et al., 1994) .
Materials and methods

Plant material
Wild-type (Solanum tuberosum cv. Desirée) and transgenic potato plants were explanted from tissue culture and grown on soil in growth chambers under a 16/8 h light/dark regime. The relative humidity was 65%. Sucrose transporter antisense (SUT ) plants contained an antisense SUT mRNA under the control of the CaMV 35S promoter (Riesmeier et al., 1994) . Sucrose uptake in plasma membrane vesicles of the used line was reduced by 75% of the wild-type (Lemoine et al., 1996) . Plastidic fructose-1,6-bisphosphate phosphatase (FBPase) antisense plants expressed an antisense mRNA to the plastidic isoform of the FBPase. The line used in most experiments contained a residual FBP- cells from wild-type and FBPase antisense plants were All reagents and enzymes were purchased from Boehringer similar ( Fig. 2A) . When the sugar content of these epi-(Mannheim, Germany).
dermal cell extracts was determined it became apparent that the contribution of sugars to the osmotic potential Turgor pressure measurements was insignificant in both wild-type and FBPase antisense A cell pressure probe was used to determine turgor of individual epidermal cells of potato leaves (Hoffmann-Benning et al., plants ( Fig. 2B ). In comparison, mesophyll cells of both 1996, 1997) . A typical pressure probe measurement is shown in genotypes accumulated high levels of carbohydrates antisense plants were more than twice the size of those of the wild-type ( Fig. 2A) . Osmolalities ranged between
Recordings of membrane potentials 600 and 700 mOsmol kg−1 within the epidermis of sucrose Membrane potential profiles were measured in the third order transporter antisense lines ( Fig. 2A) . This pronounced vein of wild-type and transgenic potato plants as described by Herde et al. (1998) . However, some modifications were increase in osmolality was mainly due to an accumulation introduced to the measuring protocol: borosilicate glass was of sugars. Using a microfluorometric approach, epidermal used instead of quartz glass. Pipettes were pulled on a standard sucrose concentrations were determined in the range of pulling device (List medical, Darmstadt, Germany); sub-250-300 mM (Fig. 2B ). Sucrose concentrations measured sequently, capillaries were mounted on the headstage of an in mesophyll cells of sucrose transporter antisense lines iontophoresis module (S-7061 A, WPI, Boca Raton, Fl., USA). These capillaries were positioned with an accuracy of 150 nm were as high as those in the epidermis ( Fig. 2C ) .
by a micromanipulator (5171, Eppendorf, Hamburg, Germany).
To analyse the impact of genetically induced modifica- epidermal cells of all three plant lines (Fig. 2D) . by small regions of almost zero membrane potential extracts using the same pipette. Samples were immediately ( Fig. 3) . In contrast to our previous findings from tomato, expelled into 10 ml H 2 O bidest into microtitre plates.
adjacent cell layers of potato plants exhibited almost
Capillary electrophoresis was performed on a P/ACE instrument (system 5510; Beckman Instruments, Mü nchen, Germany) identical membrane potentials (Herde et al., 1998) . Mean in a 100 mm capillary. Samples were pressure injected from membrane potentials of all cell types were −120±13 mV microvials hydrodynamically for 30 s and separated for 4 min ( Fig. 3) .
at 256 V cm−1. Cations were detected indirectly by UV detection When records from stationary and moving microat 214 nm. For separation within the capillary p-aminopyridine was used (Merck, Darmstadt, Germany).
electrodes were compared, no significant differences in tional information with regard to the relation between turgor pressure and cell size (Fig. 4B) . Cell diameters were estimated from the distance between the entry of the microelectrode tip into two subsequent cells. This approach resulted in a mean diameter of 17±3 mm for epidermal cells of wild-type plants ( Fig. 4B) . Cells of SUT antisense plants increased in diameter as compared to the wild-type (22±3 mm) whereas cell sizes of epidermal cells of FBPase plants were slightly reduced (14±4 mm).
Comparison of the potassium contents of pooled epidermal saps resulted in no significant differences between wild-type and FBPase antisense plants. Potassium concentrations in epidermal cells from sucrose transporter antisense plants were slightly higher than in the wild-type ( Fig. 4C ). potato lines with modified carbon allocation patterns was performed in order to analyse the effects of changes in vacuolar sucrose levels on cell turgor pressure and memmembrane potential emerged in any of the lines (Fig. 4A) . Interestingly, differences between membrane potentials of brane potentials. Epidermal cells of SUT antisense plants accumulated wild-type and sucrose transporter antisense leaves were quite small despite pronounced changes in turgor, osmol-250-300 mM of sugars which, assuming that 40 mM sucrose account for approximately 0.1 MPa (Nobel, ality and sugar content. Epidermal cells of SUT antisense plants exhibited a mean membrane potential of 1991), contributed 42% to the total sap osmotic pressure ( Fig. 2B) . In comparison, sugars contributed to less than −97±10 mV, whereas wild-type and FBPase plants showed slightly higher values (−112±10 mV and −107± 7% of the overall osmotic pressure of epidermal cells in wild-type and FBPase antisense plants ( Fig. 2B ). 9 mV, respectively; Fig. 4A ).
Discussion
Analysis of membrane potential profiles provided addiCompared to mesophyll cells, epidermal cells of wild-type 1996). Compensation of potassium by other inorganic solutes was shown by Fricke et al. (1996) . Moreover, a replacement of potassium by sucrose was described previously for guard cells (Talbott and Zeiger, 1996, 1998 ). These measurements demonstrate that increased sugar concentrations were not compensated by a loss of other solutes. Elevation in sugars induced a 2-fold increase in osmotic pressure (Fig. 2A) . Additionally, potassium levels were similar or even higher in epidermal cells of SUT and wild-type plants (Fig. 4C ) . Previous studies indicated that a rise in osmotic pressure is not necessarily correlated with a rise in turgor, but can also be balanced by an increase of the extracellular water potential ( Tomos et al., 1992; Bell and Leigh, 1996) . These measurements show that elevation in osmotic pressure correlates with enhanced turgor pressure in the epidermis of sucrose transporter antisense plants ( Fig. 2D) . Since artefacts are unlikely to explain the large differences between osmotic and turgor pressure ( Fig. 1) , the measurements also imply extracellular water potentials of −0.6 MPa in wild-type and FBPase plants which increase to about −1.1 MPa in SUT plants. Low apoplast water potentials have been described in other systems (Leigh and Tomos, 1983; Clipson et al., 1985; Cosgrove, 1986; Tomos, 1988) and are generally thought to play a role in the maintenance of a low turgor pressure ( Tomos et al., 1992) .
Under extreme osmotic conditions, turgor regulation may be of reduced priority in favour of maintenance of membrane potential and membrane transport activity. Support for this hypothesis emerged from the findings of vacuole and extracellular space. A similar conclusion was drawn by Lew (1996) after directly increasing turgor pressure by oil injection. Using this approach significant and FBPase plants contained insignificant amounts of soluble sugars while in SUT plants the epidermis accumuchanges in turgor pressure were not correlated with changes in net charge movement, total ion movement or lated sugars to high amounts similar to the mesophyll (Fig. 2C ) . Regarding the fact that epidermal cells are membrane potential. The impact of increased turgor on cell sizes was derived non-photosynthetic, sugars must originate from the photosynthetically active mesophyll. Thus, in the case of from calculations of repeated membrane potential scans ( Fig. 3) . Clearly, membrane potential profiles of veins potato, the epidermis can fulfil an important role in storing soluble carbohydrates. In the case of wheat and exhibited regions of cells with individual diameters. Calculated cell sizes were in the range of cell sizes obtained barley no evidence for the participation of the epidermis in carbohydrate storage has been obtained ( Tomos et al., by serial cross-sections (data not shown). Cell diameters of SUT antisense plants were higher than in the wild-1992; Koroleva et al., 1997) .
If vacuolar sugar content is as drastically increased as type, whereas cells of FBPase plants were slightly smaller ( Fig. 4B ; the same result was obtained from light microin the epidermis of SUT plants, there should be a substantial rise in osmotic pressure unless there is an exchange graphs, data not shown). These size determinations clearly suggest that cell sizes can be influenced by turgor. A of other solutes. Potassium is a likely candidate, because it is the major cation in cells of many plants ( Tomos similar result was reported for transgenic tobacco plants with increased turgor due to the expression of a yeast et al., 1992; Fricke et al., 1995 Fricke et al., , 1996 
